To realize the continuous compaction control (CCC) of asphalt pavement during construction, continuous detection method was investigated for the compaction degree values. For the trajectory of rollers, a collaborative positioning method was proposed. For the monitoring of rolling process, an embedded-based detection system was designed. For the evaluation of rolling effect, harmonic analysis was introduced and a new index, vibration compaction energy value (VCV e ), was proposed. Positioning experiments were conducted, and the accuracy was improved to 0.48 m. Rolling tests were performed, and typical compaction meter values (CMVs), compaction control values (CCVs), and VCV e were obtained. e referenced compaction degree by conventional way was 94.6%, which was used to calibrate the detected values of compaction degree indexes. e results showed that continuous compaction detection can be achieved based on positioning system and vibration analysis. Compared with CMV and CCV, VCV e is less discrete, more stable, and consistent to describe the compaction state. ough, all the CMV, CCV, and VCV e indexes are unable to be used for quality assurance directly or alone, they could be an aid for quality control. Continuous compaction detection system meets the monitoring requirements of pavement construction at a lower cost and could lay a foundation for the intelligent compaction (IC).
Introduction
During the construction of asphalt pavement, rolling is one of the most important processes for road performance and project quality. Substandard compaction may lead to deterioration and affect traffic operations, resulting in economic losses [1, 2] . e compaction degree is a key indicator of construction quality, and the detection methods are usually divided into traditional ways, online ways, and continuous ways. e traditional ways include the cutting ring sampler method, sand filling method, core cutter method, nuclear method, and so on.
ese methods are simple and easy to conduct; however, most of them are postdetection modes and difficult to describe the compaction conditions in real time. In addition, some traditional methods may cause damage to the pavements [3] [4] [5] . e online methods make up for the shortcomings of traditional ways and detect the compaction degree nondestructively, typically including the Rayleigh wave method, nonnuclear density method, falling weight deflectometer (FWD) method, etc [6] [7] [8] . Nevertheless, all of them are pointingdetection and result control methods, which are difficult to realize the process control [9] . In comparison, the continuous compaction detection methods could obtain comprehensive information of the rolling process continuously [10] . By adjusting operations through feedback mechanism in real time, the continuous ways attract attentions in different construction areas all over the world gradually [11] [12] [13] [14] [15] [16] .
e research of continuous compaction detection was originated from Europe in early 1970s. Based on the dynamic relationship between filling materials and vibrating roller wheels [17, 18] , urner proposed the harmonic analysis method in the study of subgrade soil compaction and evaluated the rolling effects of pavement materials by analyzing the frequency components of vibration signals [19] . Dynapac and Geodynamik developed an index, compaction meter value (CMV), to reflect the compaction degree together, applied to the compaction of fine-grained soil and stone materials [20] . On this basis, for the needs of soil compaction, as well as the compaction of earth and stone mixtures, researchers have successively introduced indexes such as compaction control value (CCV), total harmonic distortion (THD), etc [21, 22] . Entering the twentieth century, some roller manufacturers introduced mechanical indexes to describe the compaction conditions, such as machine drive power (MDP) of Caterpillar, vibration modulus E vib of BOMAG, etc [23, 24] . However, most of them can only be used with specific rolling machines, and the suitable filling materials are relatively less, which limit the application range [25] . In China, Xu et al. advocated the continuous compaction control method which focused on the compaction detection of gravel roadbed from 1993 and applied to the monitoring system of base construction for high-speed railway in recent years [26] .
Due to the development history of road engineering and railway engineering, previous studies on continuous compaction detection are mainly focused on the compaction of subgrade soil and earth-rock mixtures [27] . Although the geotechnical compactions can be used as references for the compaction of asphalt pavement, there are still great differences because of the structural and performance requirements [28, 29] . From 2004, the Federal Highway Administration (FHWA), a USDOT agency, supported the "Intelligent Compaction Research Program" [30] . With the application of computer system, vehicle sensors, positioning system, and monitoring software, compaction detection systems were researched for the compaction of soil and asphalt mixture, and relevant specifications were developed. In the construction equipment market, there are typical products such as AccuGrade system of Caterpillar, VarioControl system of BOMAG, etc [31, 32] . In China, there are a few cases of continuous compaction detection on asphalt pavement. For example, Zhang analyzed the relationship between the measured CMV data and traditional detection indexes. e results showed that the correlation was weak, and the CMV index cannot be used for quality assurance alone [33] .
In summary, the compaction state of pavement materials can be obtained by analyzing the time-frequency characteristics of responsive vibration signals in real time [34] . Based on the signal analysis and operation adjustment, the construction quality could be controlled timely [35, 36] . erefore, it is important to research the continuous compaction detection method for the nondestructive monitoring and feedback control [37] . However, the current compaction control systems usually choose industrial computer to realize system control and data calculation and make use of high-precision positioning technology to obtain information such as rolling position. In consequence, the high costs of such systems may limit their promotion in developing areas. For example, China is in the era of infrastructure construction, and there is a great need for continuous compaction control (CCC) system, but the applications of CCC are still less.
erefore, continuous compaction detection technology was studied in this paper. To improve the accuracy and continuity of compaction detection in real time while reducing the costs, an embedded-based detection system was developed, as well as a collaborative positioning system.
Methodology

Collaborative Positioning eory.
Since the numbers of rolling passes affect compaction quality directly, the CCC system needs to match the compaction degree values to the corresponding rolling positions. us, a high-precise positioning of the rollers is in great need. A collaborative positioning system was developed as shown in Figure 1 , and the Global Positioning System (GPS) was used to track the rollers for number of passes and extract velocity and azimuth data at the same time. e ultra wideband (UWB) system was used to obtain the real-time positions of the rollers.
According to the basic propagation principles of electromagnetic wave, the spatial coordinates of GPS receiver (x, y, z) can be determined based on the distances between satellites and receiver, combining with the current satellite positions (x i , y i , z i ).
For the UWB system, according to the scene of pavement construction, two-dimensional Cartesian coordinate system can be established. Based on Figure 1 , the points A, B, and C are set as centres where the three base stations are placed, and d a , d b , and d c , the distances between tag and base stations, are set as radii to draw three circles separately. e circles will intersect each other at the point O, where the mobile tag is located. If the coordinates of points A, B, and C are known as (x a , y a ), (x b , y b ), and (x c , y c ), the coordinate of intersection point O is set as (x, y). According to the distance geometry theory, the distances between point O and points A, B, and C could be obtained.
In addition, the value of each radius can be obtained through the two-way time of flight (TW-TOF) ranging algorithm by UWB tags. Based on the trilateration positioning algorithm and three-sphere intersection positioning principle, the coordinate of point O will be determined [38] .
e speed and azimuth data collected by GPS system and (x, y) obtained by UWB system are measurement information. Finally, the accuracy was improved with extended Kalman filter algorithm [39, 40] .
Compaction Degree Acquisition.
Vibration signals were obtained by the detection system, and harmonic analysis was conducted.
ereby, compacting information will be extracted, and then the relationships between compaction degree and numbers of passes could be concluded [41] .
Harmonic Analysis Method.
Harmonic analysis is a branch of mathematics concerned with the representation of signals as the superposition of basic waves and the notions of Fourier series and Fourier transforms (i.e., an extended form of Fourier analysis). In the past two centuries, it has become a vast subject with applications in areas as diverse as number theory, representation theory, signal processing, quantum mechanics, tidal analysis, and neuroscience. Based on the Fourier analysis, any complex wave can be composed of many sinusoidal components with different frequencies, amplitudes, and phases. erefore, harmonic analysis can be used to determine the nonlinear distortion [42] .
To obtain the spectral characteristics for harmonic analysis, the time-frequency domain conversion of vibration signals is needed. In view of the real-time detection and hardware utilization, fast Fourier transform (FFT) algorithm was applied [43] .
Let the sampling frequency be f s and the sampling points number be N. e results of FFT algorithm are N complex values, which reflect the characteristics of frequency-domain signals. e frequency corresponding to the nth point is f n .
In equation (3), if n � 1, the frequency f 0 is 0 Hz. In fact, the complex value corresponding to f 0 represents the direct current (DC) component of original vibration signal, which is independent of roller vibration and should be eliminated before the harmonic analysis. If n ≥ 2, the modulus of complex values are amplitudes of vibration signals at the corresponding frequencies. ereby, the amplitudes of the fundamental wave and each harmonic wave could be extracted.
Compaction Degree Indexes.
As the rolling process is going, the compactness of filling materials increases gradually, and the responsive vibrating acceleration signals change gradually as well.
e vibration signals contain fundamental wave components, harmonic wave components, and some other clutter interferences. Based on the harmonic analysis, the amplitude ratios between harmonics and fundamental frequency reflect the distortion of vibration signals. Furthermore, the variation can be used to describe the compaction states of filling materials [44] . Among the compaction degree indexes based on harmonic analysis, CMV and CCV are most widely used, and the harmonic components are easy to extract, with definitions given in equations (4) and (5) [45] .
In Equation (4), A 2Ω and A Ω are amplitudes of the second harmonic and fundamental waves decomposed from acceleration signals, respectively. Cal is the calibration coefficient which needs to be calibrated in practice and usually set as 300 initially. Comparing with CMV, CCV in equation (5) considers half frequencies within the third harmonic frequency, and Cal is usually set as 100 initially.
In practical applications, it is found that the compactness states of filling materials during rolling process are mainly affected by the work of rollers. However, since the constitutive relationship of filling materials is nonlinear, there are also some other frequency signals generated in addition to the original multiple frequency and half frequency signals. According to the signal and system theory and the convergence of spectrum, the power spectrums of signal are mainly concentrated at the low frequency band. Also, according to Parseval's energy conservation theorem, the Advances in Civil Engineeringenergy sum of the components in time-domain is equal to the energy sum in frequency-domain. erefore, based on the existing indexes, a new index VCV e was proposed and defined as follows:
In equation (6), the threshold ratio α is usually set as 5% initially and the calibration coefficient Cal is usually set as 100 initially.
ereby, the interference and noise can be reduced effectively. Based on the perspective of energy distribution, VCV e considers the frequency components generated by various nonlinear effects and finally limits the deviation of existing indexes. In the end, the compaction degree values can be calculated based on equations (4)- (6).
Implementation of the Detection System
For the CCC systems of asphalt pavement, there are seven primary manufacturers in the world. Specifically, these manufacturers include Case-Ammann, BOMAG, Caterpillar, Dynapac, Hamm-Wirtgen, Volvo and Sakai, and their typical products are shown in Table 1 .
Based on Table 1 , a typical CCC system usually consists of a positioning unit, a control unit, and several measurement sensors. According to the FHWA report [46] , a CCC roller may cost 3%-5% more than a conventional roller (In China, the price of a 12t roller is usually around $40,000∼$60,000), and retrofitting an existing roller with IC equipment can see costs ranging from $50,000-$75,000. In addition, taking Trimble GPS product as an example, it costs $1,800 around per year for positioning resource rental.
Moreover, although the CCC system products listed in Table 1 possess many advantages, managers and technical staff in developing areas have to consider the costs. us, the promotion of CCC systems is limited. Given this, we are attempting to find approaches to achieve similar performance with less cost. However, for the sensors of measuring vibration, temperature, and angle, the cost is almost fixed since they are standard industrial products. Despite this, these sensors account for a small proportion of total cost by comparing with other units. erefore, to reduce the overall cost, we emphasized on the positioning unit and control unit and designed an embedded-based continuous compaction detection system with the structure shown as Figure 2 . e cost of designed system is estimated to be around $2,500 with "all the bells and whistles" (civil GPS module ($200), touch screen tablet ($600), embedded device ($500), and measurement sensors ($800)). In addition, there is no resource rental fee for the use of civil GPS module.
Based on Figure 2 , the detection system consists of signal acquisition unit, processor unit, positioning system unit, and so on. Including acceleration sensor and constant current source circuit, the signal acquisition unit is the front-end to detect vibration signals for the compaction information. Considering the advantages of small size, large range, and high precision, the accelerometer sensor selected CT1010 L module of Chengke, which meets the specific detection requirements of roller vibration.
For the positioning system unit, the civilian GPS module chosen was NEO-6M module of Waveshare for its low cost, although the accuracy is usually larger than 2.5 m. Similarly, considering the lower power consumption, with accuracy of less than 0.1 m, the UWB system selected DW1000 module of Decawave, but the range is limited by communication distance of tags.
Dual-processor architecture was proposed to cover the needs of system control and signal processing, as well as the utilization efficiency of hardware resources. Taking advantages of lower power consumption and good scalability, the main processor selected was i.MX6Q module of Freescale to realize data transmission and process control.
e coprocessor chosen was STM32F4 module of STMicroelectronics to complete sampling and signal processing for fast signal acquisition. In addition, a human-computer interaction (HCI) based on Qt framework was developed to present the rolling information visually and adjust the construction plan in time. e designed processor unit and HCI are shown in Figure 3. 
Experiments and Discussion
Positioning Experiments.
According to the monitoring requirements and view of highway construction site, the positioning experiments were carried out at a parking lot.
e test area was defined rectangular with a length of 15 m and a width of 8 m, where a Cartesian coordinate system was established as shown in Figure 4(a) .
e collaborative positioning experiments were carried out based on UWB system and civil GPS system. e UWB base stations were placed at the four vertices of test area, while the x direction and y direction were geographically eastward and northward, respectively. A robotic trolley was selected to travel along a straight line to simulate the rolling movement. At last, the UWB tag and GPS receiver were attached to the trolley together to obtain the positions in real time.
As shown in Figure 4 (a), the trolley started at the point (4.5, 0.0), then travelled along the straight line to the end point (9.5, 8.0), and the sampling period T was set as 1 second. Converting GPS message into standard units, the speed was 0.044 m/s and the azimuth was 1.172. e acquired data were processed through extended Kalman filter algorithm, and the results are shown in Figure 4(b) .
During the tests, scales were marked along the straight line evenly, a stopwatch was fixed on the trolley, and a handheld camera was used to record the whole moving process. Comparing the real coordinates with positioning coordinates, the errors of typical positions obtained are shown in Figure 4 erefore, the collaborative positioning system based on civil GPS system and UWB system meets the requirements while reducing the cost. 
Rolling Experiments.
e in situ experiments were carried out at the maintenance site of K148 + 12-270 section, S49 highway, China. e thickness of upper layer was 5 cm, and the filling material was SUP20 foam mixed asphalt mixture. According to the rolling process and characteristics, a Cartesian coordinate system was established, while the reference point was set as origin point (0, 0), and the test area was divided as shown in Figure 5 .
During the field tests, the average of detected speed was around 1. While the vibratory roller is working, the hydraulic system drives eccentric blocks to rotate at a high speed and then generates forced vibration. During the process, the engine, the frames, etc., introduce complex interferences and noises. In order to reduce the interferences and eliminate the noises, a finite impulse response (FIR) bandpass filter was designed and applied based on Hanning window. e timedomain waveform of the filtered original signal is shown in Figure 6 (c), and the smoothness of waveform was improved greatly. e spectral characteristics of the filtered signal are shown in Figure 6(d) . e noise of the original signal was suppressed effectively, and the signal-to-noise ratio (SNR) was improved significantly. erefore, the peaks of fundamental wave as well as the harmonic waves were more obvious than before.
Based on the spectrum image of filtered signal, the amplitude of fundamental wave can be extracted as 3220, the second harmonic wave was 1084, and the third harmonic wave was 183.3. Substituting the amplitudes into equation (4), the CMV value was calculated to be 101. Similarly, multigroup data at 47 Hz frequency were filtered and harmonic extracted, and then CMV, CCV, and VCV e were calculated with the initial calibration factors.
Results and Analysis
Compaction of Specific Locations.
In order to obtain the compaction quality of asphalt pavement comprehensively, it is necessary to detect the compaction state at specific locations. Taking section 7# as an example, considering the rolling speed, three typical locations, namely, P 1 (2.81, 11.50), P 2 (2.81, 13.00), and P 3 (2.81, 14.50), were selected for analysis as shown in Figure 5 . From the time of t i (i � 1, 2, 3 for three rolling pass) on, when roller passed the selected points, the positions and compaction index values were obtained. e results are shown in Table 2 , wherein the CMV 1 was the corresponding compaction degree value of first rolling pass, and the others are similar.
Based on Table 2 , the following conclusions were made:
(1) Compared with the actual locations of P 1 , P 2 , and P 3 , the positioning errors are within 0.5 m, and the compaction degree values can be obtained with the collaborative positioning system. (2) Most COV values were less than 15%, indicating that the dispersion of compaction index values at each point was relatively small. erefore, the compaction degree values were continuous and stable at the selected point substantially. However, some COV values remain larger than 15%. Moreover, these COV values were concentrated in the second pass and became larger on the way from P 1 to P 3 monotonously. erefore, it can be inferred that the dispersion should not be caused by positioning error. Otherwise, the detection values should be changed randomly with collaborative positioning system. Observing the monitoring video, it is speculated that this phenomenon was related to the roller acceleration in the second pass. (3) e compaction index values of three measuring points were close to the average of section 7# relatively, indicating that no excessive distortion of the monitoring compaction degree values exists with current positional inaccuracy. Despite this, the difference and dispersion of compaction degree values between three points and section 7# still existed. In the end, the average value cannot represent the compaction degree value of every point, but it still can be used to describe the compaction state of section 7# as a whole.
In summary, with conventional test methods, the roadway can be covered only around one percent. However, the roadway can be covered 100 percent with collaborative positioning system, although its accuracy needs to be improved.
Rolling of Whole Area.
To achieve the quality control and quality assurance of construction project, rolling effect of the whole area should be considered. Similarly, the compaction index values in different sections were calculated and the variations of values at different passes are shown in Figures 7(a)-7(c) . In addition, the average of Advances in Civil Engineering 7 referenced compaction degree value was 94.6% by the core sampling method after the final rolling pass. Adjusting the Cal parameters based on the referenced values, the comparison between referenced and calibrated compaction degree values at the final rolling pass is shown as Figure 7 (d).
Analysis of the results from whole test area can be concluded as follows: Figures 4 and 7 , it is possible to obtain the rolling effect with positioning data and vibration analysis continuously. Furthermore, CCC system can be realized for the quality evaluation and feedback control.
(2) For the whole test area, as the number of passes increases, it is obvious that the compaction degree of the corresponding test sections increases gradually. e variations of index values are consistent with the rolling process of asphalt mixture. us, CMV, CCV, and VCV e reflect the rolling effects of asphalt pavement to a certain degree. Furthermore, the calculated COV values of CMV, CCV, and VCV e are 15.61%, 15.08%, and 15.01%. It means that the discrete of VCV e is less than CMV and CCV. In another way, as an improvement of CMV and CCV, VCV e is a better index due to the energy perspective and the consideration of as many spectral components as possible. all of them should not be used for quality assurance of pavement compaction directly or alone. Despite this, CMV, CCV, and VCV e can be used as an auxiliary method for the quality control during rolling process.
Conclusions
To detect the compaction degree of asphalt pavement during construction in real time and nondestructively, a low-cost continuous compaction detection method was proposed. A collaborative positioning system based on civil GPS module and UWB module was developed, and the accuracy was improved to 0.48 m, which meets the requirements of rolling positioning. An embedded-based detection system was designed, and dual-processor architecture was proposed to improve the real-time performance and present rolling information, as well as the human-computer interaction. With the responsive vibration signals acquired from the rollers, harmonic analysis was introduced to evaluate the rolling effect. Comparing with the existing compaction degree indexes, a new index VCV e was proposed in view of the energy distribution.
e CMV, CCV, and VCV e and conventional compaction degree values were obtained in the field experiments separately, and all of them reflect the rolling effects of asphalt pavement to a certain degree. Compared with CMV and CCV, VCV e is less discrete, more stable, and consistent to describe the compaction effect.
ough all the CMV, CCV, and VCV e indexes possess limitations and cannot be the criterion for quality assurance, the level of compaction can still be indicated in general and thus serve as a reference for quality control. In summary, with the application of collaborative positioning system, online detecting technology, and monitoring software, the continuous compaction detection method could meet the monitoring requirements of asphalt pavement during compaction at a lower cost and lay a foundation for the intelligent compaction.
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